Background-Apoptosis has been described extensively in acute myocardial infarction and chronic heart failure. Because Daxx (death-associated protein) appears to be essential for stress-induced cell death and acts as an antisurvival molecule, we tested the hypothesis that Daxx is involved in myocardial ischemia/reperfusion-induced cell death in vivo. Methods and Results-Transgenic mice overexpressing a dominant-negative form of Daxx (Daxx-DN) under the control of the ␤-actin promoter and control wild-type mice underwent an ischemia/reperfusion protocol: 40 minutes of left coronary artery occlusion and 60 minutes of reperfusion. Area at risk and infarct size were measured after dual staining by triphenyltetrazolium chloride and phthalocyanine blue dye. Apoptosis was measured in the ischemic versus the nonischemic part of the left ventricle by terminal deoxynucleotidyl transferase-mediated dUTP biotin nick end labeling staining, enzyme-linked immunosorbent assay, and Western blotting of caspase-3, caspase-8, and poly(ADP-ribose) polymerase. The mitogen-activated protein kinase status was investigated by Western blot analysis. Comparison between groups was assessed by ANOVA or Student t test (statistical significance: PϽ0.05). Left ventricle tissues from transgenic mice expressed Daxx-DN at the protein level. Area at risk/left ventricle values were comparable among groups. Infarct size/area at risk was 45% reduced in Daxx-DN versus wild-type mice (PϽ0.001). This cardioprotection was maintained for a 4-hour reperfusion. Ischemia/reperfusion-induced apoptosis was significantly decreased and ERK1/2 prosurvival pathway was activated in ischemic Daxx-DN hearts. Conclusions-Our study clearly indicates that Daxx participates in myocardial ischemia/reperfusion proapoptotic signaling in vivo.
A poptosis has been described extensively in numerous diseases including acute myocardial infarction and chronic heart failure. [1] [2] [3] [4] [5] The participation of a highly regulated, energy-dependent form of cell death during myocardial ischemia/reperfusion may lead to novel therapeutic interventions. 6 This possibility is supported by studies in which inhibition of apoptosis by a variety of pharmacological and genetic approaches results in a smaller infarction size. [7] [8] [9] Although these experiments demonstrate a causal role for apoptosis in myocardial infarction, the apoptosis signaling pathways functional during myocardial ischemia/reperfusion have not yet been delineated fully in vivo.
To date, the death receptor/extrinsic and mitochondrial/ intrinsic pathways are the most heavily studied pathways of cell death in myocardial ischemia/reperfusion. Once activated, these 2 different apoptotic pathways initiate a "caspase Clinical Perspective p 2717 cascade" leading to the final destruction of the cell. Apoptotic signaling via external stimuli involves the binding of specific ligands to death receptors. Fas (TNFRSF6/CD95/APO-1) is a prototypic death receptor belonging to the tumor necrosis factor (TNF) receptor (TNFR) superfamily. 10 These death receptors are expressed on the cell surface as preassociated homotrimers and on engagement by their ligands undergo a conformational change that favors homotypic interactions with other death domain-containing proteins such as FADD (Fas-associated protein with a death domain). 11 FADD recruits pro-caspase-8 through an additional homotypic interaction via its "death effector domain." This protein complex, therefore, formed by Fas, FADD, and pro-caspase-8, is called DISC (death-inducing signaling complex). Efficient DISC assembly induces autoproteolytic cleavage, which subsequently activates the cell death pathway. Alternatively, cell death can be triggered internally by initiation of the mitochondrial pathway. A dynamic balance of proapoptotic and antiapoptotic Bcl-2 proteins controls mitochondrial permeability. Permeabilization of the outer mitochondrial membrane leads to the release of cytochrome c and other proapoptotic factors. 12 The release of cytochrome c triggers the formation of a complex containing Apaf-1, dATP, and pro-caspase-9, which is then autocleaved to process the downstream caspases, such as caspase-3. 13 Cross talk between death receptor and mitochondrial pathways has been demonstrated. For example, the activated caspase-8 can induce the proteolytic cleavage of Bid, which initiates cytochrome c release from mitochondria. 14 Other less well-defined cell death signaling mechanisms, such as Daxx/ASK1/MAP kinases-mediated apoptosis, have recently been described in noncardiac cells. 15, 16 Daxx has been implicated in the modulation of apoptosis in response to various stimuli, including ultraviolet irradiation and oxidative stress. 17, 18 The cellular localization and function of Daxx is controlled by the relative concentration of the apoptosis signal-regulating kinase 1 (ASK1). 19 In the nucleus, Daxx colocalizes with the promyelocytic leukemia protein (PML), whereby it plays a direct role in transcriptional regulation. On oxidative stress, Daxx relocalizes from the nucleus to the cytoplasm by binding to ASK1, and this correlates with the activation of the JNK pathway and cell death.
Because Daxx appears to be essential for stress-induced cell death and acts as an antisurvival molecule, we tested the hypothesis that Daxx is involved in myocardial ischemia/ reperfusion-induced cell death in vivo. Because Daxxdeficient mice exhibit early embryonic lethality, they are unsuitable to directly test this hypothesis. 20 To overcome this limitation, we used transgenic mice that overexpress a dominant-negative form of Daxx (Daxx-DN). 21 Our results show a marked reduction in both infarct size and cardiac apoptosis in Daxx-DN transgenic mice. Our study clearly indicates that Daxx participates in myocardial ischemia/ reperfusion proapoptotic signaling in vivo.
Methods

␤-Actin-Daxx-DN Transgenic Mice
To maintain heterozygosity, ␤-actin-Daxx-DN (Ϫ/ϩ) transgenic mice expressing a dominant-negative form of Daxx under the control of the ␤-actin promoter were crossed with C57BL/6 mice. 21 The transgene derives from the mouse Daxx-DN cDNA encoding amino acids 628 to 739, which correspond to the Fas binding domain of Daxx ( Figure 1A ). Transgenic lines had no overt phenotype and were compared with wild-type (WT) transgenic littermates. All the exper- 
Cardiac Histology and Function In Vivo
Cardiac tissue obtained from WT and Daxx-DN mice at different adult ages (7 and 11 weeks and 12 months) was fixed in 4% paraformaldehyde-phosphate-buffered saline at 4°C and stained with hematoxylin-eosin. Sedated mice (ketamine 0.25 mg/kg, xylazine 25 mg/kg, and chlorpromazine 1.25 mg/kg) were studied on an echocardiography system (Sequoia Acuson, Siemens; 15-MHz linear transducer). Cardiac dimensions and function were assessed by M-mode and 2-dimensional echocardiography.
Surgical Preparation and Experimental Protocol
Acute myocardial ischemia and reperfusion were performed in transgenic ␤-actin Daxx-DN (Ϫ/ϩ) mice (Daxx-DN) and in WT (Ϫ/Ϫ) littermates as controls. Male and female mice (22 to 34 g) were anesthetized and ventilated via tracheal intubation with a Harvard rodent respirator. Body temperature was maintained between 36.8°C and 37°C via a thermoregulated surgical table. The chest was opened by a left lateral thoracotomy, and a reversible coronary artery snare occluder was placed around the left coronary artery. All animals underwent 40 minutes of ischemia. Reperfusion was obtained by loosing the knot and lasted 1 hour for the "IR 1H" group or 4 hours for the "IR 4H" group of mice ( Figure 1B ). At the end of reperfusion, the artery was reoccluded, and phthalocyanine blue was injected into the left ventricular (LV) cavity and allowed to perfuse the nonischemic portions of the myocardium. In shamoperated mice, the suture was passed but not tied.
Infarct Size Assessment
The LV was sliced transversally into 1-mm-thick sections and incubated in a 1% solution of 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, St Louis, Mo) for 15 minutes at 37°C. After fixation in a 4% paraformaldehyde-phosphate-buffered saline solution, the slices were weighed, and each side was photographed with an Olympus camera. The ischemic risk area (unstained in blue) and the infarcted area (unstained by TTC) was measured by planimetry with the use of Image J (Scion Corp, Frederick, Md). Infarct size was expressed as a percentage of the ischemic risk area.
DNA Fragmentation Assay
Specific DNA fragmentation was quantified in transmural samples of nonischemic or ischemic areas of the LV with an enzyme-linked immunosorbent assay kit (Roche Diagnostics) designed to measure the amount of cytosolic oligonucleosome-bound DNA, as previously described. 22 
TUNEL Assay
DNA fragmentation was detected by fluorescence microscopy on paraffin-embedded LV sections (4 m) harvested at the end of surgery. Terminal transferase-mediated dUTP-biotin nick-end labeling (TUNEL) was performed with fluorescein-dUTP (In Situ Cell Death Detection Kit; Roche Diagnostics). After TUNEL, the sections were blocked with 2% bovine serum albumin in phosphate-buffered saline and incubated with anti-␣-actinin antibody (EA-53; Sigma) and biotinylated isolectin B4 (IB4; Sigma) to label cardiomyocytes and endothelial cells, respectively. 23 Labeling was revealed with the use of extravidin-Cy3 and anti-mouse IgG conjugated to cyanine 5. Cell nuclei were stained with DAPI (Sigma). Slides were visualized on a LEICA-DMRA2 microscope and a Biorad MRC 1024 confocal laser scanning microscope. Adobe Photoshop was used to prepare final figures.
Immunoblotting
Transmural samples of nonischemic or ischemic areas of LV were rapidly frozen in liquid nitrogen. The LV tissues were homogenized with a grinder in cold phosphate-buffered saline supple-mented with Complete Mini EDTA-free protease inhibitor (Roche) and Halt phosphatase inhibitor cocktail (Pierce). After centrifugation, pellets were resuspended in solubilization buffer (50 mmol/L Tris, 0.5 mmol/L EDTA, 1.3% CHAPS, protease/ phosphatase inhibitors) and incubated 2 hours at 4°C. Protein concentration was determined with a bicinchoninic acid protein assay kit (Pierce). Samples (25 g) of protein were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (8%, 10%, or 12%) and transferred to nitrocellulose (Hybond C-Extra, Amersham Biosciences, Inc, Piscataway, NJ). The antibodies used were as follows: anti-Daxx (H7), anti-P38␤ mitogen-activated protein (MAP) kinase (N-14) from Santa Cruz Biotechnology (Santa Cruz, Calif); anti-P38␣ MAP kinase, anti-ERK1/2, anti-phospho ERK1/2, anti-phospho JNK1/2, and anti-JNK1/2 from Cell Signaling Technology (Danvers, Mass); antipoly(ADP-ribose) polymerase (PARP) and anti-caspase-3 from Upstate; anti-caspase-8 (1G12) from Alexis Corporation and anti-phospho-p38 MAP kinase from Sigma-Aldrich; and horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies from Pierce. Densitometry analysis was performed with an EPSON scanner and ImageQuant software from Molecular Dynamics.
Statistical Analysis
All values are expressed as meanϮSEM. Multiple comparisons between groups were assessed by 2-way ANOVA (with post hoc analysis with Bonferroni test when appropriate). When only 2 groups were compared, the Student t test was used. Probability values Ͻ0.05 were accepted as statistically significant, and the probability values were noted as follows: PϭNS for PϾ0.05; *PϽ0.05; **PϽ0.01; ***PϽ0.001. All data were analyzed with the use of GraphPad Prism (GraphPad Software, San Diego Calif).
The authors had full access to and take full responsibility for integrity of the data. All authors have read and agree to the manuscript as written.
Results
Heart Morphology and Function
The ␤-actin Daxx-DN transgenic mice developed normally, were healthy, and did not exhibit any morphological abnormalities or excessive mortality. 21 There was no difference in LV size or function between mutants and WT animals (see cardiac echographic data summarized in the Table) . Wholebody and LV masses were determined for each mouse before anesthesia and at the end of surgery, respectively. Data were averaged, and LV/body weight values were comparable among groups (3.1Ϯ0.0001 10 Ϫ3 ; nϭ17 for Daxx-DN versus 3.2Ϯ0.0001 10 Ϫ3 ; nϭ20 for WT; PϭNS).
Histological analysis revealed that there was no sign of fibrosis, inflammation, or cardiomyocyte hypertrophy or dystrophy in Daxx-DN mice compared with WT littermates ( Figure 1C ).
Expression of Daxx-DN Protein in LV
Western blot analysis of lysates from LV tissues (ischemic or nonischemic) with an antibody specific for the mouse Daxx protein revealed the expression of the endogenous Daxx protein (120 kDa) in all samples and confirmed the expression of the dominant-negative construct (17 kDa) exclusively in lysates from the transgenic animals. The relative expression level of the Daxx-DN transgenic protein was 38.1Ϯ8.6 in percentage of the endogenous Daxx protein estimated amount (nϭ4 for WT or Daxx-DN samples of LV) (Figure 2A ).
Reduction of Infarct Size in Daxx-DN Mice
After incubation in TTC, slices from WT mice hearts showed a large homogeneous myocardial infarct in the anterior and lateral free wall of the LV. There was a subepicardial rim of surviving myocardium adjacent to the infarct. Daxx-DN mice had smaller infarcts than control littermates ( Figure 2B) .
Average area at risk/LV mass and infarct size/area at risk were determined in Daxx-DN and WT mice subjected to ischemia/reperfusion. In the group subjected to reperfusion for 1 hour (IR 1H group), average Daxx-DN infarct size/area at risk was 45% smaller than in WT animals (27.4Ϯ3.0%, nϭ10 versus 50.1Ϯ2.1%, nϭ14; PϽ0.001). In the IR 4H group, average Daxx-DN infarct size/area at risk was also markedly reduced (36%) compared with WT mice (24.5Ϯ5.7%, nϭ7 versus 42.7Ϯ3.7%, nϭ6; PϽ0.05). There was no statistical difference in the reduction of infarct size measured in Daxx-DN animals subjected to 1 hour versus 4 hours of reperfusion (27.4Ϯ3.0%, nϭ10 versus 24.5Ϯ5.7%, nϭ7; PϭNS) ( Figure 2C ). Area at risk/LV mass was unchanged among groups (PϭNS): for the IR 1H group, WT: 
Inhibition of Ischemia/Reperfusion-Induced Apoptosis in Daxx-DN Mice
TUNEL analyses were performed on LV tissue sections from WT and Daxx-DN mice (IR 1H group). TUNEL-positive nuclei were determined by randomly counting 18 fields in the ischemic and nonischemic areas of both WT (nϭ3) and Daxx-DN (nϭ3) LVs. At high-power magnification (ϫ40) of the infarcted zone, the percentage of TUNEL-positive nuclei reached 22.6Ϯ5.0% in WT versus 10.0Ϯ3.0% in Daxx-DN mice (PϽ0.01; nϭ18). The nonischemic regions exhibited low levels of TUNEL staining (3.5Ϯ1.0% in WT versus 3.8Ϯ1.3% in Daxx-DN; nϭ18) compared with the infarcted zone (ischemic versus nonischemic; PϽ0.001 for WT and PϭNS for DN). TUNEL-positive nuclei identity was determined by costaining with sarcomeric (␣-actinin) and vascular endothelium-specific (IB4) markers. Only 11.2Ϯ1% among TUNEL-positive nuclei were associated with IB4 staining, whereas the remaining nuclei (88.8Ϯ1%) were localized in association with the sarcomeric marker (for a total of 197 counted nuclei in nϭ3 fields) ( Figure 3A and 3B) .
In WT mice, DNA fragmentation was increased in the ischemic portion of LV tissues compared with the nonischemic part (1.10Ϯ0.18 versus 0.31Ϯ0.05; nϭ8; PϽ0.001). As shown in Figure 3C , the amount of soluble nucleosome in the ischemic portion was markedly reduced in Daxx-DN animals compared with WT (1.10Ϯ0.18, nϭ8 versus 0.57Ϯ0.15, nϭ8; PϽ0.01).
To analyze the molecular mechanisms of the cell death pathways involved in the ischemia/reperfusion process, we compared the activity of caspase-3 and -8 in both the nonischemic and the ischemic tissue lysates from the WT and the Daxx-DN animals. All nonischemic LV samples (nϭ3) showed a strong signal for a band at 32 kDa corresponding to the inactive proform of caspase-3 ( Figure 4A ). By contrast, the inactive proform of caspase-3 was reduced in the ischemic LV tissues obtained from WT animals. Consistently, the active form of caspase-8 was detected mainly in the ischemic LV tissues obtained from WT animals. During apoptosis, active PARP (116 kDa), a known substrate of caspase-3, is inactivated by proteolytic cleavage, which generates an 85-kDa fragment. In WT mice, the PARP fragment was more abundant in the ischemic portion of LV tissues compared with the nonischemic, whereas PARP cleavage was reduced in Daxx-DN animals ( Figure 4A ).
Modulation of Ischemia/Reperfusion-Induced MAP Kinase Activation in Daxx-DN Mice
Phosphorylation patterns of ERK1/2, JNK1/2, and P38 MAP kinases were analyzed with antibodies specifically recognizing their phosphorylated forms in the presence of phosphatase inhibitors ( Figure 4B ). Ischemia/reperfusion (IR 1H) significantly induced phosphorylation of MAP kinases in the ischemic versus nonischemic area for ERK1/2 (PϽ0.05; nϭ9 Daxx-DN hearts) and for JNK1/2 (Pϭ0.01; nϭ10 WT and Daxx-DN hearts). A slight increase, although not significant (ischemic versus nonischemic; PϾ0.05), was observed for the phosphorylation of P38 in WT (nϭ13) and Daxx-DN (nϭ13) hearts and for the phosphorylation of ERK1/2 in WT hearts (nϭ13). As illustrated in Figure 4C , phosphorylation of ERK1/2 was significantly increased in the ischemic part of the LV obtained from Daxx-DN compared with WT mice (PϽ0.01). By contrast, there was no difference in JNK1/2 and P38 MAP kinase phosphorylation in the ischemic area from WT and Daxx-DN mice (Pϭ0.97 and Pϭ0.80, respectively) ( Figure  4D and 4E) .
Discussion
In the present study, we tested the hypothesis that Daxx is involved in myocardial ischemia/reperfusion-induced cell death in vivo. Our results show a marked reduction in both infarct size and cardiac apoptosis in transgenic mice that overexpress a dominant-negative form of Daxx. Our study clearly indicates that Daxx participates in myocardial ischemia/reperfusion proapoptotic signaling in vivo.
Myocardial Ischemia/Reperfusion-Induced Cell Death
The participation of apoptosis in cell death during myocardial ischemia/reperfusion remains controversial. A plethora of studies show apoptotic cell death in different models of animal and human ischemic heart disease. [1] [2] [3] [4] [5] 24 This contrasts with the relatively few reports stating that apoptosis is not detected in the ischemic heart. 25, 26 These discrepancies could be due to the variability among infarct models (ischemia with or without reperfusion) and the methods used to detect apoptosis. Ischemic injury is thought to initiate apoptosis, but reperfusion seems to be necessary for substantial apoptotic cell death to occur. 1, 26, 27 In our ischemia/reperfusion murine model, apoptosis in the ischemic part of the LV was identified by both TUNEL staining and enzyme-linked immunosorbent assay and confirmed by analysis of caspase-3-mediated PARP proteolytic cleavage.
Genetic manipulation of proteins regulating apoptosis in murine models has been crucial in identifying their involvement in myocardial ischemia/reperfusion-induced cell death. For example, overexpression of the antiapoptotic Bcl-2 protein reduces apoptosis and protects against myocardial ischemia/reperfusion injury in transgenic mice. 9 Our data clearly demonstrate that cardiac expression of a dominant-negative form of a protein acting in the apoptotic cascade is associated with significant in vivo cardioprotection. These results are consistent with other studies that have found a beneficial effect of specific in vivo antiapoptotic interventions in myocardial ischemia/ reperfusion. [7] [8] [9] 
Involvement of the Death Receptor Pathway in Ischemia/Reperfusion-Induced Cell Death
The TNFR superfamily members are cell surface cytokine receptors controlling cell fate decisions, eg, proliferation, differentiation, and cell death. 28 A prototype of the death receptor TNFR subfamily is Fas (CD95; APO-1). Binding of the Fas ligand to its membrane receptor induces an intracellular cascade initiated by the formation of DISC. In this complex, the adapter protein FADD allows the recruitment of pro-caspase-8 molecules that are autoactivated and in turn provokes downstream caspase-3 processing. Involvement of the Fas receptor pathway remains controversial in myocardial ischemia/reperfusion-induced cell apoptosis. Under physiological conditions, cardiac myocytes are relatively insensitive to Fas ligand-induced cell death. 27, 29 Moreover, mice treated systematically with an activating Fas antibody die from massive hepatocyte apoptosis but exhibit no cardiac damage. 30 Jeremias et al 31 suggested that CD95/Fas/APO-1 is directly involved in cell death after myocardial ischemia. In agreement, Lee et al 32 demonstrated that Fas receptordeficient (lpr) mice exhibit smaller infarcts compared with WT animals and that the levels of soluble Fas ligand expression during ischemia/reperfusion correlate with infarct size. In vitro studies also demonstrate that hypoxia sensitizes cardiac cells to the effects of Fas ligand. 33 However, Gomez et al 34 suggest that mitochondria are preferentially involved in mice cardiomyocyte death after ischemia/reperfusion injury and that the Fas pathway plays a relatively minor role.
Daxx Participates in Myocardial Ischemia/Reperfusion Proapoptotic Signaling In Vivo
Daxx was originally described by Yang et al 16 as a novel protein that specifically binds to the death domain of the receptor Fas in the cytoplasm and potentiates Fas-induced apoptosis. However, a large proportion of Daxx molecules are nuclear and associate with the PML and other subnuclear domains. 35 Daxx is a promiscuous interactant and has been reported to associate with numerous proteins involved in cell death regulation. 36 The subcellular localization of Daxx is determined by the relative concentration of ASK1, which controls the dual function of Daxx as a transcriptional repressor in the nucleus and as a proapoptotic signal mediator in the cytoplasm. 19 Kim et al 17 38 examined the role of Daxx on chemical hypoxia and, through the use of localization-specific Daxx mutants, demonstrated that the subcellular localization of Daxx determines its role in ischemic cell death. In response to simulated ischemia, Daxx is exported to the cytoplasm, and cell death is mediated via JNK activation. Overall, there is no evidence for the role of Daxx in myocardial ischemia/reperfusion-induced cell death in vivo.
With the use of transgenic mice that overexpress a dominant-negative form of Daxx, our results show that expression of Daxx-DN in LV tissues subjected to ischemia/ reperfusion contributes to reduce both infarct size and cardiac apoptosis in mice hearts in vivo. To our knowledge, this is the first indication that Daxx participates in myocardial ischemia/ reperfusion proapoptotic signaling in vivo. Because the mouse Daxx-DN transgene contains the Fas binding domain of Daxx, it is reasonable to suggest that the Fas-Daxx pathway is required for cell death in the ischemic and reperfused heart. Surprisingly, we also show that the active form of caspase-8 is more abundant in the ischemic portion of LV tissues obtained from WT compared with Daxx-DN animals. These results indicate that the Fas-FADD-caspase-8 axis is downregulated in our transgenic animal hearts on ischemia/reperfusion and suggest a cross talk between Fas-Daxx and Fas-FADD-caspase-8 pathways.
To study the level at which Daxx regulates cell death in vivo, we examined the expression of several stress-activated protein kinases, including JNK1/2, P38, and ERK1/2. These kinases control both cell survival and death. Accumulating evidence suggests that Daxx can activate the JNK pathway in isolated cells. Indeed, the expression of a dominant-negative mutant of Daxx inhibits JNK activation on ultraviolet radiation. 39 Paradoxically, we did not observe differences in the phosphorylation levels of both JNK1/2 and P38 between WT and Daxx-DN hearts. These findings are not totally surprising because the strength and the timing of stress-activated protein kinase activation might differ depending on cell types and stimuli. For example, Daxx silencing significantly enhances the early phase of JNK activation but inhibits its late phase. 40 Remarkably, we show that ERK1/2 phosphorylation is significantly increased to a greater extent in the ischemic LV tissues obtained from Daxx-DN compared with WT mice. This observation is consistent with numerous studies in which ERK1/2 activation is associated with protection against apoptosis in cardiac myocytes. 41, 37 Thus, MEK1-ERK1/2 signaling has been shown previously to protect the mouse heart from ischemia/reperfusion injury in vivo. [42] [43] [44] The control mechanisms that balance cell survival against cell death are not well understood. However, most data in the literature support the concept that JNK1/2 and P38 can both facilitate or inhibit apoptosis, whereas ERK1/2 always protects against cell death.
Altogether, our results show that transgenic Daxx-DN expression protects against ischemic/reperfusion-induced apoptosis and that this cardioprotection is likely mediated by an increase in ERK1/2 phosphorylation.
